In the absence of infectious virus, strains of mice express polyadenylated RNA transcripts homologous to the genome of murine leukemia virus. In addition to transcripts consistent with full-length and spliced env retroviral RNAs, several unique RNA species which lack the env sequence accumulate in a tissue-specific manner. These RNA species are presumed to be transcribed from endogenous retroviral sequences that constitute the bulk of the murine leukemia virus-related sequences in the murine genome. To determine the relationship of these RNA transcripts to infectious murine leukemia virus and the precise structural basis of the heterogeneity observed for the env-lacking transcripts, we isolated and sequenced cDNA recombinants representing the RNAs expressed in strain 129 GIx+ mice. Comparisons of the nucleotide sequences demonstrated that the endogenous retroviral transcripts differed in pol, pl5E, and R-peptide regions by single nucleotide changes. In contrast, the gp7O-coding regions of two cDNA clones derived from epididymis and liver were completely homologous over a 599-nucleotide overlapping sequence. The structures of env-lacking transcripts were examined in two independent cDNA clones, and each was found to contain a different deletion that was potentially mediated by seven-base pair direct repeats in the intact sequence. The extensive sequence homology between cDNAs allowed construction of a cumulative sequence map of the 3' end of an intact endogenous retroviral transcript. A comparison of this sequence with infectious ecotropic and mink cell focus-forming viruses revealed that the endogenous transcripts are highly homologous with the substituted portions of leukemogenic mink cell focus-forming viruses and therefore further define the boundaries of recombination required to generate these viruses.
In the absence of infectious virus, strains of mice express polyadenylated RNA transcripts homologous to the genome of murine leukemia virus. In addition to transcripts consistent with full-length and spliced env retroviral RNAs, several unique RNA species which lack the env sequence accumulate in a tissue-specific manner. These RNA species are presumed to be transcribed from endogenous retroviral sequences that constitute the bulk of the murine leukemia virus-related sequences in the murine genome. To determine the relationship of these RNA transcripts to infectious murine leukemia virus and the precise structural basis of the heterogeneity observed for the env-lacking transcripts, we isolated and sequenced cDNA recombinants representing the RNAs expressed in strain 129 GIx+ mice. Comparisons of the nucleotide sequences demonstrated that the endogenous retroviral transcripts differed in pol, pl5E, and R-peptide regions by single nucleotide changes. In contrast, the gp7O-coding regions of two cDNA clones derived from epididymis and liver were completely homologous over a 599-nucleotide overlapping sequence. The structures of env-lacking transcripts were examined in two independent cDNA clones, and each was found to contain a different deletion that was potentially mediated by seven-base pair direct repeats in the intact sequence. The extensive sequence homology between cDNAs allowed construction of a cumulative sequence map of the 3' end of an intact endogenous retroviral transcript. A comparison of this sequence with infectious ecotropic and mink cell focus-forming viruses revealed that the endogenous transcripts are highly homologous with the substituted portions of leukemogenic mink cell focus-forming viruses and therefore further define the boundaries of recombination required to generate these viruses.
Infectious type C retroviruses of inbred mice display three distinct host ranges, which are mediated through their viral envelope glycoproteins by cell receptor recognition. Ecotropic, xenotropic, and dualtropic viral isolates have been classified on the basis of the ability to infect primarily mouse cells, only nonmouse cells, and cells of both mouse and nonmouse origin, respectively. Members of the third class, the dualtropic viruses, are more commonly referred to as mink cell focus-forming (MCF) viruses because of their ability to cause characteristic alterations in the cellular morphology of infected mink cells. Infectious ecotropic and xenotropic viruses can be induced directly from proviruses integrated within the genomes of various mouse strains. However, MCF viruses are formed de novo by recombination between an exogenous, infectious ecotropic virus and endogenous viral sequences related to xenotropic virus, resulting in the replacement of variable portions of the 3' end of the ecotropic genome with endogenous information encoding altered envelope proteins. It is viruses of this type which are generally associated with the development of leukemia in mice (see reference 38 for a review).
Endogenous viral sequences, distinct from ecotropic and xenotropic proviruses, are present in multiple copies in the murine genome (7, 17, 19) ; however, their transcriptional activity in normal, nonviremic mice has not been fully documented. Even in the absence of the ability to produce infectious virus, strains of mice express antigens thought to be encoded from such endogenous viral sequences (re-t Present address: Rockefeller University, New York, NY 10021. viewed in reference 26). The precise relationship between actively transcribed viral sequences and sequences involved in the generation of recombinant MCF viruses is not known. In different strains considerable heterogeneity exists in the levels and structures of the viral proteins, and there is evidence that this expression is regulated in specific tissues (32) . This regulation of endogenous retroviral gene expression appears to be distinct from the genetically defined loci governing the inducibility of infectious virus, which include both proviral structural genes themselves and regulatory genes distinct from the induced virus (15, 20, 21) .
Genetic analysis of endogenous retroviral gene expression has been greatly facilitated by the generation of congenic partner strains of strain 129 mice, Glx+ and Glx-, which are characterized by high and low levels of virus-related antigen production, respectively (43, 44) . Recently, we reported that expression of multiple but distinct tissue-specific RNA transcripts which are thought to encode these endogenous viral antigens is under coordinate regulation by a trans-acting product of the Gv-J locus (25) .
To determine the structural basis for this heterogeneity, to document the number of independent transcription units that encode these transcripts, and to define the relationship between the normal cellular components and the products of exogenous viruses, the nucleotide sequences of cDNA clones corresponding to endogenous virus-related transcripts expressed in strain 129 GIx+ mice were determined. The polymorphism previously detected in the RNA population was found to be due to deletions of varying lengths of retroviral sequences accompanied by scattered single nucleotide differences between different transcripts. These findings demonstrate the activity of multiple genomic transcription units in the origin of these regulated RNA species. The construction and characterization of cDNA libraries from various tissues of strain 129 Glx+ mice have been described previously (25) . Briefly, total cell RNAs were obtained from livers, thymuses, spleens, and epididymides of 6-to 8-week-old male mice by pulverization of frozen tissues, treatment with sodium dodecyl sulfate and proteinase K, and phenol-chloroform extraction. cDNA synthesis was initiated on poly(A)-enriched RNA by oligo(dT) priming, and cDNA was rendered double stranded by treatment with the large fragment of Escherichia coli DNA polymerase I and ultimately inserted into pBR322 by G-C tailing. Clones representing virus-related RNA were selected by hybridization with radioactive probes derived from cloned Moloney murine leukemia virus (Mo-MuLV), as described previously (24) .
Selected clones were sequenced by the chain termination method of Sanger et al. (40) after subcloning into M13 vectors (30) . The resulting sequences were analyzed with the aid of computer programs supplied by the National Biomedical Research Foundation, Washington, D.C. (34) . (14, 16) , Moloney MCF (Mo-MCF) virus (6) , and AKV ecotropic virus (12, 22) . pol gene. An analysis of restriction enzyme sites and hybridization to cloned Mo-MuLV sequences (3, 24, 25) indicated that clones El, E2, and S13 contained pol region sequences (Fig. 1) (Fig.  3) . The actual endpoints for these deletions were ambiguous due to seven-base pair direct repeats at these deletion points in the undeleted sequence (25) . The deletion in S13 extended from the sequence GGACCCT at positions 178 to 184 to the second occurrence of this sequence at positions 478 to 484 in pl5E (Fig. 3) , retaining a single copy of the repeat and thereby deleting 1,977 nucleotides. A similar deletion in E2 began at nucleotide 316 (Fig. 2) after the sequence GGTC CAG and likewise extended through the second copy of this repeat at positions 501 to 507 of p1SE, thus eliminating 1,817 nucleotides. Transcripts displaying analogous deletions have been detected by SI mapping in a variety of tissues of strain J. VIROL. ... of clones E2 and S13 from strain 129 Glx1 mice, proviral genomic clone A12 from AKR mice (17) , AKR MCF 247 virus (247) from an AKR thymoma (14) , Mo-MCF virus (MCF) from a BALB/Mo thymoma (6), and AKV virus, the endogenous ecotropic virus of AKR mice (12, 22) . Dots indicate nucleotides identical to nucleotides in the sequence of clone El, dashes indicate gaps introduced in the sequences to increase the alignment with El, and blank spaces are present where no sequence data are available. The numbers on the right indicate the nucleotides of the El sequence. A single-letter code is used for the translated amino acid sequence, which is indicated above the codons.
RESULTS
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129 Glx+ mice (25) . The nucleotide sequence of clone El predicted a 120-amino acid open reading frame ending with an ochre codon immediately after nucleotide 360 (nucleotides 59 to 61 [Fig. 4] ). This open reading frame overlapped the env open reading frame for 58 nucleotides, encoding 19 amino acids of pol and 19 amino acids of gp7O in different triplet reading frames (Fig. 4) . The methionine initiation codon for env began with nucleotide 303 (Fig. 2) . Such sequence overlap at the pol-env junction is characteristic of murine type C viruses. The sequences of the endogenously expressed RNA also differed with respect to the viral sequences shown in Fig. 2 
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Number of nucleotide differences compared with the strain 129 sequence. Deleted endogenous sequences E2 and S13 do not contain open reading frames; therefore, the total numbers of nucleotide differences are reported.
genome (17) but is not known to be transcriptionally active. Of the nucleotide sequence available for this proviral element, only 4 differences among 564 nucleotides were observed. Interestingly, of these differences between the A12 and strain 129 sequences only one nucleotide difference at position 457 (Fig. 4) was shared with the MCF 247 virus sequence, indicating that this region of the MCF 247 genome, which was derived from the endogenous sequence, is more similar to the transcribed strain 129 sequence than to the AKR endogenous sequence. In comparison, alignment of the same region of the gp7O-coding sequence of NZB xenotropic virus (33) demonstrated 8.4% nucleotide dissimilarity after allowing for a 12-nucleotide insertion and two 3-nucleotide deletions (data not shown). The differences that do distinguish the nucleotide sequences of these endogenous transcripts from those of MCF viruses (Fig. 5) accumulate abruptly 3' to the probable recombination point of MCF 247 at position 856 (Fig. 4) (14) . These differences between the strain 129 sequence and the sequence of the ecotropic gp7O-encoding region of MCF 247 account for 70 of the 74 overall nucleotide differences and result in 15 amino acid differences. Furthermore, in this portion of the env gene the introduction of a one-codon gap is required in the MCF virus sequence for alignment, resulting in the addition of a strain 129 transcript-specific threonine residue at positions 952 to 954. Similarly, 69 of the 78 nucleotide differences between the gp7O-coding regions of the strain 129 transcripts and the Mo-MCF genome cluster at the 3' end of the sequence, past the presumed site of recombination and within the ecotropic-derived region of Mo-MCF gp7O, and also require the same threonine codon insertion for sequence alignment.
The comparisons described above (Table 1) demonstrate that there is 99% or greater sequence homology between the regions substituted in the generation of the recombinant viruses and the strain 129 transcribed sequence presented here. Therefore, the comparisons help define the region of ecotropic sequence that is not substituted in the gp70-coding region of MCF viruses and thus distinguished by 13 .5% dissimilarity compared with the corresponding strain 129 sequence. The clustering of these differences is relevant to the mapping of potential sites of the recombinational events that presumably gave rise to Mo-MCF virus. Bosselman et al. (6) indicated that this recombination took place at position 1073 (Fig. 4) on the basis of similarity with Mo-MuLV. However, our data imply that recombination more likely took place further 5', closer to the region implicated for MCF 247 recombination (position 856). Therefore, the region 3' to this potential recombination point may actually be ecotropic in origin, the differences between Mo-MCF and Mo-MuLV in this region having been introduced by mutation rather than by recombination. Interestingly, of the differences between Mo-MCF and the strain 129 sequence, 31 are silent while 48 lead to codon changes; in MCF 247, 46 changes are silent while 28 lead to amino acid differences. This preponderance of coding changes may be indicative of a selective pressure favoring an altered protein sequence for Mo-MCF. pl5E-coding region. As shown in Fig. 3 (9) . Overall, MCF 247 virus has 112 nucleotide differences compared with the L510 sequence shown, 34 of them leading to changes in 19 amino acid residues. Similarly, Mo-MCF has 142 differences, with 38 leading to changes in 24 codons. These data are summarized in Table 1 for comparison of the relative differences in nucleotide and amino acid sequences. AKV is almost identical with MCF 247 virus over this region until the 3' terminus, where MCF 247 virus is more similar to the strain 129 sequence, and was probably derived from a nonecotropic parent due to another recombinational event at about position 500 (16) (Fig. 1) . 
DISCUSSION
The sequences of actively transcribed, endogenous retrovirus-related RNA transcripts described here contain characteristic features demonstrating their close homology to infectious viruses, particularly recombinant MCF leukemogenic virus. In particular, the env region contains an open reading frame which potentially encodes a protein product closely resembling typical viral gp70 and pl5E proteins, predicting that this RNA species is responsible for the serologically detected viral antigens of strain 129 mice (31, 45) . This protein, derived from an open reading frame partially overlapping that of the pol gene, would be derived from a precursor containing a typical N-terminal signal peptide (5) , allowing placement at the cell surface, and cleavage from pl5E by a trypsin-like activity after the lysine-arginine doublet at positions 1318 to 1323 (Fig. 4) The portion of the pol sequence described here is derived from the 3' end of that gene, a region thought to encode a function necessary for the establishment of a productive viral infection (41) . The major difference between ecotropic virus and the endogenous transcript within this region is the absence from ecotropic pol of four codons at the extreme 3' end, accompanied by a clustering of amino acid differences (Fig. 2) . Recombinant leukemogenic viruses share extensive homology with the endogenous transcript within this region. Interestingly, similar differences were observed between Mo-MuLV (42), which also exhibits leukemogenic activity, and nonpathogenic AKV (12) . This portion of pol may contribute some leukemogenic potential to recombinant viruses (13) .
The structural data reported here suggest that the strain 129 cellular gp70 proteins display dualtropic determinants similar to those of MCF viruses. The acquisition by MCF viruses of a similar endogenous sequence encoding the amino-terminal portion of gp70 is presumably responsible for their expanded host ranges compared with ecotropic viruses and may influence their tissue tropism (8) . The carboxyterminal portion of gp70 and the bulk of pl5E differ from the corresponding regions of MCF viruses, which derive these coding sequences from the ecotropic parent. The reason for this return to the ecotropic sequence in MCF viruses is not clear, although this feature has been found to be a major determinant of leukemogenesis in recombinant viruses (13, 23, 27) .
The nucleotide sequence of the endogenous transcript differs uniformly from the sequences of infectious ecotropic virus and MCF virus throughout the 3' portion of the env gene (approximately 13 and 20% nucleotide differences [ Table 1 ] for carboxy-terminal gp7O and pl5E, respectively). However, the predicted amino acid sequence displays regions which have been highly conserved, punctuated by segments of clustered amino acid differences (Fig. 5) . For example, the probable membrane-spanning, hydrophobic domain of ecotropic pl5E (10, 22) is completely conserved in the endogenous protein at the amino acid level but exhibits 19 and 22% dissimilarity compared with MCF 247 virus and Mo-MCF virus at the nucleotide level (nucleotides 406 to 495) (Fig. 3) . However, another hydrophobic domain at the amino terminus of AKV pl5E, which may produce membrane-fusing activity (47) , is disrupted by three charged residues (Asp, Lys, and Glu) in the endogenous protein, possibly resulting in altered activity. Regions in which the protein sequence has drifted compared with infectious virus may affect the interaction of endogenous gp7O and pl5E and could result in the release of gp7O as a secreted form found in sera and epididymides of normal mice (11) . Alternatively, the carboxy portion of gp7O could contribute to tropism determinants of potential viruses expressing the entire strain 129 endogenous gp7O. Because of the availability of these cloned sequences we have begun to test the function of these regions directly by replacing the env components of gp7O and pl5E, as well as the long terminal repeat of infectious virus, with the analogous regions of the endogenous strain 129 sequence.
The biological consequence of the normal expression of MCF-like envelope proteins in strain 129 mice may be the blockage of the specific MCF cell surface receptors (36) , leading to resistance to MCF viral infection (2) . Since the MCF viruses are strongly implicated in the incidence of leukemia, such resistance may impart a significant selective advantage to the animal (39) . The close sequence similarity between these RNA species and MCF virus also suggests a relationship between active expression of the proviruses and the generation of leukemogenic viruses. It is interesting that of the many proviral sequences of the AKR genome, the one found to be most similar to the substituted region of MCF 247 virus (17) is also highly homologous to the expressed copy in strain 129. Furthermore, the large env deletions detected in clones S13 and E2 are strikingly similar to the substituted region of MCF virus. The 5' breakpoint of S13 corresponds exactly to the 5' recombination point identified for MCF virus CI-3 (28), while the 3' breakpoint of E2 matches the recombination point in the pl5E region of MCF 247 virus (16) .
